Abstract: Presented here is a short summary of the recent accomplishments in total synthesis in our laboratories. In particular, recent generations of the syntheses of pancratistatin derivatives, codeine, balanol, and oseltamivir (Tamiflu) are described in relation to their common chemoenzymatic origin in toluene-dioxygenase-mediated dioxygenation of aromatic substrates. Perspectives and projections are discussed in the conclusion.
INTRODUCTION
The combination of biological methods with the traditional techniques of organic synthesis has been shown to lead to greater efficiency in the manufacturing of compounds of interest. The targets 1-4 discussed here originate from homochiral metabolites obtained via the whole-cell fermentation of a particular aromatic substrate with Escherichia coli JM109(pDTG601), a recombinant organism that overexpresses the enzyme toluene dioxygenase. The four targets are shown in Fig. 1 along with the arene cis-dihydrodiol metabolites of enzymatic hydroxylation chosen as starting materials.
Each synthesis discussed here represents the latest accomplishments resulting from multigenerational approaches to these targets. The syntheses of 7-deoxypancratistatin (1) and its unnatural C-1 derivatives from cis-dihydrodiol 5 constitute the eighth-generation approach to these alkaloids. The enantio divergent syntheses of (+)-and (-)-codeine from metabolite 6 are fourth-and fifth-generation efforts, respectively. The cis-dihydrodiol derived from bromobenzene served a convenient starting material for the enantiodivergent synthesis of the hexahydroazepine core of balanol, leading to a formal total synthesis. Finally, an efficient formal total synthesis of oseltamivir was attained from 7, the metabolite from ethyl benzoate.
These relatively short (fewer than 14 steps) syntheses are designed with the practicality of process chemistry in mind. The preparation of oseltamivir in particular features several one-pot operations. We anticipate that the efficiency in the next-generation synthesis will approach a level useful for process production of the drug. 
Amaryllidaceae constituents
Our latest approach to pancratistatin, 7-deoxypancratistatin and its unnatural C-1 derivatives, featured a number of intriguing strategic events. In 2004, we reported the synthesis of various pancratistatin mimics [4] via a solid-phase silica-gel-catalyzed opening of aziridines with weak carbon nucleophiles [5] . This technique was applied to a new approach to pancratistatin via the construction of the phenanthrene core and its oxidative cleavage to generate the full phenanthridone skeleton of the target, as shown in Scheme 1. Thus, the epoxy aziridine 9, obtained in four steps from diol 5, was reacted with the aluminum salt of aryl acetylene 8 to provide regioselectively the cis-olefin 10 after partial saturation. The silica-gel-catalyzed intramolecular aziridine opening furnished the phenanthrene nucleus 11, whose oxidative cleavage led to the immediate recyclization to phenanthridol 12, Scheme 1. Oxidation with o-iodoxybenzoic acid (IBX) then provided the C-1 carboxaldehyde 13 and the corresponding C-1 carboxylic acid, accomplished in an efficient manner in 13 steps from bromobenzene [6a] . The C-1 aldehyde provides an opportunity for generation of new derivatives for biological screening, as it was demonstrated that alterations at C-1 do not diminish activity in these compounds [7] . Aldehyde 13 may also be converted to 7-deoxypancratistatin (1) through additional steps [6b].
Morphine alkaloids
The synthesis of codeine and morphine has been pursued in our group through several generations. The latest ones involved the use of the Heck reaction [8] to establish the C-13 stereogenic center. One such approach provided the 10-hydroxymorphinan derivative 18, which was synthesized from the cis-dihydro diol 6, derived from β-bromoethylbenzene, via octahydroquinoline intermediates 14 and 15, Scheme 2. A regioselective epoxide opening led to aryl ether 16, whose Heck cyclization provided the pentacyclic precursor to 18 [9] . We realized during this particular synthesis that the configuration of the On the other hand, we experienced difficulties in some of our past approaches in executing a second Mitsunobu inversion in order to set up the C-5 center for the natural series [10] . A solution to the problem was envisioned in generating the allylic epoxide 21 and attaching the required aryl residue by the regioselective opening of the epoxide at C-5 (morphine numbering). This maneuver would lead to ether 22 and hence to natural codeine by further manipulation.
The approaches described above were reduced to practice commencing with the synthesis of (+)-codeine, as depicted in Scheme 3. Diol 6, available from β-bromoethylbenzene by fermentation in yields of ca. 20 g/l, was reduced with potassium azodicarboxylate (PAD) and converted to the protected amine derivative 19, whose distal hydroxyl was then protected as its tert-butyldimethylsilyl (TBS) ether, 23. The C-5 center was conveniently set by the Mitsunobu reaction with bromoisovanillin to produce aryl ether 20, whose Heck cyclization yielded the tricyclic system 24 in excellent yield.
From this point in the synthesis we focused on previously demonstrated strategies, namely, those of Trost and Parker, respectively. Trost [11] used the Heck cyclization of a vinyl bromide similar to 25 to establish the C-14 stereogenic center, whereas Parker [12] employed a reductive detosylation with concomitant hydroamination for late-stage construction of C-9. Conversion of the aldehyde in 24 to the vinyl bromide did not proceed in our hands with either the stereoselectivity or the yields reported by Trost. The mixture of vinyl bromides 25 resulted in moderate yields from the Wittig reaction. The second Heck cyclization provided the tetracycle, which was then subjected to the known oxidation-reduction sequence to adjust the C-6 stereochemistry, as shown in 26. Deprotection gave 27, the crucial secondary amine needed for hydroamination. We attempted to repeat Trost's procedure for photochemical hydroamination of the lithium amide derived from 27; however, we observed no evidence of ring closure, despite having received detailed advice from Prof. Tang, who worked on the project while in the Trost group. To solve this tactical issue, we resorted to mercury(II)-catalyzed amination followed by reduction. We completed the synthesis of ent-codeine in 9 steps from carbamates 23 or 13 steps from diol 6 [13] .
The synthesis of the natural enantiomer of codeine from diol 19 described above required a double Mitsunobu reaction at C-5. As discussed above, we found this protocol to be inefficient and lowyielding. To solve the problem, we transformed 19 to the allylic epoxides 21 via inversion of C-5 to produce nitrobenzoate ester 28, and in the next step the distal hydroxyl was converted to tosylate 29. Hydrolysis of the nitrobenzoate allowed the intramolecular displacement of the tosylate and led to the allylic epoxide in excellent yields, Scheme 4. Regioselective opening of the epoxide at C-5 with bromoisovanillin led to the aryl ether 22, and protection of the C-6 hydroxyl as its TBS ether furnished the enantiomer of 20. The synthesis of (-)-codeine was completed in essentially the same way as that of ent-codeine, except for some minor problems encountered during the adjustment of C-6 stereochemistry [14] .
Balanol-the Burgess reagent route
Our interest in balanol arose from the investigation of a general method of synthesis for all cis-and trans-isomers of 1,2-amino alcohols in both enantiomeric series, a project for which we developed a chiral auxiliary version of the Burgess reagent, 30. It reacted with oxiranes to produce a diastereomeric pair of cyclic cis-fused sulfamidates such as 32a and 32b, Fig. 4 . Separation of these compounds followed by hydrolysis provided enantiomerically pure cis-1,2-amino alcohols 33a and 33b. Cyclic sulfamidates resemble cyclic sulfates in their reactive tendencies toward nucleophilic opening, so reaction of 32a and 32b with ammonium benzoate produced cleanly the trans-amino alcohol derivatives 34a and 34b [15] . It is important to note that the enantiomeric purity of the final product depends on the efficiency of separation of the diastereomeric sulfamidates.
We applied this methodology to the formal synthesis of balanol via the often-used hexahydroazepine intermediate 35. The design of the published synthesis is shown in Fig. 5 . Thus, the reaction of the menthyl chiral auxiliary version of the Burgess reagent with vinyl oxiranes 36 produced cleanly the cis-fused sulfamidates whose cleavage with ammonium benzoate gave the diastereomers 37a and 37b. Adjustment of the functionalities on the nitrogen and oxygen atoms followed by the oxidative cleavage of the olefin and reductive amination furnished the known balanol inter mediates 35a and 35b, thus completing a formal enantiodivergent synthesis of balanol [16] .
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We evaluated the optical purity of the intermediates by the Mosher ester method and found both enantiomers to be approximately 95 % optically pure. The less-than-absolute optical purity is, as mentioned above, due to incomplete separation of the initially formed diastereomers, whose impurities are then reflected in the final enantiomeric composition following removal of the chiral auxiliary. We were surprised to find that no optical rotation data were available in the literature for either of the two enantio mers of 35 in several published syntheses of these compounds. To supply this data, we decided to embark on a synthesis of the intermediates 35a and 35b in a manner that would guarantee the final optical purity of the products. We designed a synthesis beginning with diol 5, whose optical purity is absolute.
Balanol-the chemoenzymatic route
We chose to convert diol 5 to its acetonide and then to two stereochemically distinct vinyl aziridines by employing different aziridination protocols. In one case, the use of the Yamada-Evans-Jacobsen protocol [17] led to the anti-isomer 39, a compound that we have used in several approaches to Amaryllidaceae alkaloids [18] . In the other case, the syn-isomer 38 becomes available via Corey's aziridination protocol [19] employing SnBr 4 and N-bromoacetamide, as shown in Fig. 6 .
The trans-diaxial opening of these aziridines provided the corresponding trans-amino alcohol derivatives that were in both cases easily purified and rendered free of any diastereomeric impurities. In both instances, the remaining steps consisted of saturation of the vinyl bromide moiety, replacement of tosyl and acetyl groups with the correct acyl functionality for balanol, and oxidative cleavage of the cis-diol followed by reductive amination with benzyl amine. Thus, in this approach the enzymatically installed diol is used for chirality transfer within the synthetic intermediates and is removed once its function and purpose has been served. We noted a 15-20 % relative difference in the values of optical rotations obtained for both enantiomers of 35 as obtained via the Burgess and chemoenzymatic routes, respectively. As expected, the chemoenzymatic protocol provided essentially absolute optical purity in 35, and led to additional enantiodivergent formal synthesis of balanol [20] .
Oseltamivir (Tamiflu)
In our continuing investigations of new metabolites derived from aromatic compounds, we examined a series of benzoate esters as substrates [21] and were able to produce diol 7 from ethyl benzoate in preparatively useful amounts. We have designed a second-generation approach to oseltamivir from this diol. Our earlier synthesis from diol 5 necessitated a palladium-catalyzed carboethoxylation protocol to install the ethyl ester midway through the synthesis. We recognized the latent symmetry in the depiction of oseltamivir structure, as shown in Fig. 7 . In the route originating in diol 5, the position of the double bond in the final product remains as it was in the starting material, whereas in the approach utilizing diol 7, it is "reflected" across the latent plane of symmetry. This allows great flexibility in the order of introduction of nitrogen and oxygen functionalities, leaving the setting of the acrylate moiety for late-stage synthesis.
As shown in Scheme 5, this design was reduced to practice by converting diol 7 to its acetonide and allowing it to undergo hetero-Diels-Alder cycloadditions to produce oxazine 40 in excellent yield and with absolute regio-and stereoselectivity. Reduction of the oxazine provided the allylic alcohol 41, which was transformed to oxazoline 42 upon exposure to methanesulfonyl chloride. Hydrolysis of the oxazoline was effected in aqueous ethanol and in the presence of calcium carbonate followed by hydrogenation to give the fully saturated alcohol 43, which was converted to its mesylate (44). Displacement of the mesylate with azide led to 45, whose base-catalyzed elimination provided Fang's intermediate (46) via the collapse of the acetonide functionality. This maneuver represents the "symmetry switch" of the acrylate olefin, as portrayed in Fig. 7 . Thus, a formal synthesis of oseltamivir was completed from ethyl benzoate, a commodity chemical, in 10 steps to attain azide 46 in only 7 operations [22a] . In the most recent generation of oseltamivir synthesis the target was attained in 10 steps and 5 operations without the use of azide [22b] .
CONCLUSION
We have demonstrated the effectiveness of the combination of biological methods with traditional synthetic techniques in the multigenerational design of four complex molecules. In each case, the starting material was generated from an achiral precursor by an enzymatic reaction. Biocatalysis offers advantages over traditional methods in that it provides enantiopure starting materials in an environmentally benign manner. In the case of cis-dihydrodiols, it produces additional complexity in the functional groups that are generated by oxidative dearomatization. The generation of downstream complexity is an important parameter of efficiency on organic synthesis. It has been shown on numerous examples that biocatalytic steps performed early in a synthetic pathway greatly contribute to complexity generation in the products [23] . Our future endeavors in the area are focused on further refinements of the approaches to the targets presented in this paper as well as on the discovery and implementation of new metabolites for asymmetric synthesis of complex natural and unnatural products.
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